Pressure drop, ∆ , in redox flow batteries is linked to pumping costs and energy efficiency, making the characterization of hydraulic properties of electrodes a necessity during scale-up. In this work, the ∆ 
Introduction
Three-dimensional platinized titanium (Pt/Ti) structures are the preferred electrodes for the conversion of cerium ions in electrochemical flow reactors. 1 Following its use in mediated electrosynthesis, 2,3 nuclear decommissioning, 4 and disposal of hazardous organics, 5 the Ce(III)/Ce(IV) redox couple has received attention in the field of electrochemical energy storage. The Zn-Ce redox flow battery (RFB) has a thermodynamic cell potential of 2.48 V and has been developed over more than a decade. 6 Alternative systems have been proposed, such as V-Ce, [7] [8] [9] [10] Pb-Ce, 11 H2-Ce half-fuel cells, 12, 13 and a Ce-Ce concentration cell. 14 Previously, we have estimated the contribution of thermodynamic, kinetic and resistive components to the cell potential of the Zn-Ce RFB 15 and established the electrochemical performance of diverse Pt/Ti electrodes in terms of the volumetric mass transport coefficient, $ &, from limiting current measurements. 16 In this work, we report the hydraulic properties of Pt/Ti porous electrode materials as described by the static pressure drop, Δ , produced in a cerium-containing flowing electrolyte.
The pressure drop through the electrodes of a RFB is directly related to its pumping power demand and hence to its overall energy efficiency. It is essential to measure such losses and to relate them to the electrochemical performance of the electrodes in order to achieve a successful and economical scale-up of the system. Pressure drop has been considered in RFBs since the initial developments at NASA, 17, 18 and in other types of electrochemical reactors and electrolyzers. 19, 20 Since, measurement and control of pressure drop has been undertaken in several RFBs. For instance, early work suggested intermittent pump action in order to increase the efficiency of the Fe/Cr RFB, 21 although electrode 'starvation' and gas build-up should have required preventive measures. On the other hand, few experimental studies in utility-scale RFBs have been reported. One example is the pressure drop in brominepolysulfide stacks with 7,200 cm 2 planar electrodes. 22, 23 The pressure drop in these stacks surpassed the predicted values for empty channels and displayed an exponential increase as a function of mean linear flow velocity due to constricted manifolds. In well-engineered utilityscale RFBs, energy losses due to electrolyte pumping can be expected to be under 5%. 24 More recently, the pressure drop and pumping losses in vanadium RFB stacks have been simulated, optimizing the dimensions of the carbon felt electrodes and other flow features in relation to shunt currents, 25 and permitting the estimation of losses in a 40 cell stack. 26 Optimization of pump operation related to the internal resistance losses in vanadium RFBs has also been performed based on the measured permeability of the carbon felt electrodes. 27 The degree of compression of the felt in vanadium RFBs has an important effect on pressure drop, 28 as well as electrolyte viscosity change over state of charge (SOC). 29 Pump power losses for different types of bends, valves and tube diameters in the electrolyte circuit have been also considered. 30 Pressure drop differences between the positive and negative half-cells can be substantial, 31 and the cell design should aim to reduce them. Finally, it has been shown that interdigitated felt electrodes could reduce pressure losses in vanadium RFB stacks to ca. 30% in comparison to conventional flow-by designs. 32, 33 It should be noted that most simulation results have not been validated by experimental data, creating a need for this type of studies.
Furthermore, the pressure drop in several recently proposed RFBs employing extremely viscous or non-Newtonian electrolytes has not received sufficient attention. Electrolytes based on ionic liquids, deep eutectics, slurries, 'flowing electrodes' and suspensions (e.g. in Chakrabarti et al. 34 ) will significantly increase pressure drop, requiring either more permeable porous electrodes or possibly planar electrodes. For instance, relatively open reticulated vitreous carbon (RVC) electrodes were needed to permit the flow of a semi-solid electrolyte in a conceptual Li-air RFB. 35 Pressure losses over RFB stacks can be appreciably higher than those predicted by the sum of the pressure drop at individual unit cells. 17 The consumption of pumping power by a stack at a given flow rate and temperature increases as a result of tortuous or constricted manifolds, porous electrodes/turbulence promoters, long tubes/channels, small cross-sectional areas, abrupt changes in the flow direction, turbulence and electrolyte viscosity. The actual fluid flow through electrode channels in large stacks can deviate from ideal behaviour, due to material heterogeneities or incomplete flow development. 36 Hence the significance of uniform porous electrodes and engineering tolerances. Although analytical estimation 25 and computer fluid dynamics (CFD) simulation 37 can certainly account for the expected ideal pressure drop in RFB systems, actual measurements over the built stacks remain as one of the main tasks required during pilot and full-scale testing.
Pressure Drop and Electrode Performance
The restriction imposed by porous materials to incompressible fluids as they flow through, can The Darcian flow rate employed in porous electrodes is the mean linear electrolyte flow velocity, , past the electrode surface. This normalised figure considers the cross-sectional area,
-, and volumetric porosity, , of the porous material. The mean electrolyte flow velocity through the porous electrode is given by:
The pressure drop over the electrode as a function of mean linear electrolyte flow velocity or Reynolds number can be described by a power law, 19, 41 in the form:
Where the coefficient, , and exponent, ℎ, are empirical constants. 
where and are empirical constants.
Materials and Methods

Flowing electrolyte
Pressure drop measurements were performed using a typical electrolyte for the positive halfcell of Ce-based redox flow batteries, except in the case of the felt material, where deionised water was used instead. The solution had a composition of 0. 
Characteristics of the electrodes
The macroscopic appearance of the evaluated Pt/Ti porous electrodes and the inert 'turbulence promoter' (ITP) employed along the Pt/Ti planar electrode is shown in Figure 1 . Their dimensions, equivalent hydraulic diameter and volumetric porosity are given in Table 1 . Pt/Ti plate and Pt/Ti mesh electrodes were sourced externally, while Pt/Ti felt and Pt/Ti micromesh electrodes were electroplated with platinum in a flow cell using alkaline plating solutions. A detailed description of their manufacture has been provided in previous work. 48, 49 The Pt/Ti plate and Pt/Ti mesh electrodes were obtained from Magneto Special Anodes BV a plane opposite to the current collector. 48 As seen in Figure 1d , this Pt coated zone was still porous and represented no more than 5.6% of the cross-sectional area of the electrode; see Table   1 . Given the small volume of Pt, it can be safely assumed that the porosity and pressure drop of the plated materials were not significantly altered compared to the bare Ti felt at which the pressure drop measurements were performed.
Measurement of pressure drop
The hydraulic pressure drop characteristics of the different porous electrodes were determined using the rectangular channel flow cell in Figure The pressure drop through the Pt/Ti plate + ITP, Pt/Ti mesh and Pt/Ti micromesh was measured using the positive electrolyte for cerium-based RFBs. However, the pressure drop at the Pt/Ti felt exceeded the operational range of the peristaltic pump and was measured instead using deionised water, which has a dynamic viscosity of 8. 
Determination of electrochemical performance
A detailed description of the experimental procedure for the determination of the volumetric mass transport coefficient $ & has been provided in a previous work. 16 The 
Results and Discussion
Hydraulic pressure drop through porous Pt/Ti electrodes
Darcy's friction factor for porous Pt/Ti electrodes
Darcy's friction factor, *, of the porous electrodes was determined for the range of mean linear electrolyte flow rates using Δ measurements according to the relationship:
where & is the hydraulic equivalent diameter of the flow channel, is the length of the porous electrode, is the electrolyte density and is the mean linear electrolyte velocity. As shown in Figure 6 , the dimensionless friction factor values fall as the mean linear electrolyte flow rate increases due to the H term in the denominator of Equation (5). These values can be compared to those observed at other three-dimensional electrodes in measurements carried out in the FM01-LC electrochemical flow reactor (converted from the Fanning friction factor) by Brown et al. 19 The * values display an interesting apparent trend continuity for electrode materials with similar geometry and pore size openings, e.g. the metal 'stacked net' 19 is comparable to the Pt/Ti micromesh and the 'expanded metal L' 19 to the Pt/Ti mesh. The flow is less restricted at open metal mesh electrodes, independently of their electrochemical performance. Modified friction factors can also be used in the case of planar electrodes 19 and roughened parallel plate electrodes. 56 Friction factors have also been used to relate ∆ to the density and viscosity of the electrolyte in electrochemical flow cells. 44 
Darcy's permeability of porous Pt/Ti electrodes
The particular hydraulic perviousness of a porous materials is given by Darcy's permeability, . This property is related to ∆ by: 27 a value below that of the Pt/Ti felt.
The Ergun equation
The pressure drop over a porous body can also be described as a function of mean linear flow rate by the Ergun equation:
In this empirical correlation, represents the turbulence forces and represents the inertial forces causing the pressure drop. The first depends on the fluid density, surface area and porosity, and the second on the type of porous body and fluid viscosity. As shown in Figure 8 The Ergun constants can be used to estimate the surface area and tortuosity of highly porous electrodes, such as foams 38 (a corrected relationship is given in 39 ) or felts, 59 and have also been related to $ & values. 60 These and other semi-empirical expressions are not universal to all porous geometries, e.g., those based on packed-bed models require empirical modifications to describe the pressure drop through expanded metal.
Electrochemical volumetric mass transport coefficient,
The electrochemical performance of each electrode was determined from the limiting current, 
Empirical correlation involving , ∆ and Reynolds number
The electrode performance factor $ & at a given electrolyte mean linear velocity can be related to ∆ to give a description of to the pump demands of different three-dimensional electrodes.
This relationship has economic significance and implications to the design of an electrochemical flow cell or flow reactor. mol dm -3 KOH supporting solution. 19 The constants in Table 4 can be contrasted to those 0.22 [19] Expanded metal L 2.7×10 -3 0.44 [19] Twin grid 2.7×10 -3 0.37 [19] Metal foam 3.9×10 -3 0.47 [19] Stacked net 7.6×10 -4 0.64 [19] 
